leading to the disappearance of histone mRNAs. In pressed by coexpression of the histone chaperone Cac1 (Supplemental Figure S2) . Surprisingly, the Asf1 protein, yeast, this is achieved through histone gene repression (Sutton et al., 2001), whereas higher eukaryotes trigger which binds to both Rad53 and histones H3/H4, was dispensable for tolerating histone overexpression (Figdegradation was not exacerbated by histone overexpression ( Figure  1A ). Hence, we have uncovered a function of the Rad53 dissociates from Asf1. This suggests that Rad53 and Asf1 play a role in regulating histone metabolism in rekinase in histone metabolism that is independent of the upstream kinases Mec1 and Tel1. sponse to DNA damage. In this study, we investigated the role of Rad53 in histone metabolism. We show that Like rad53 mutants, mec1 mutants also have checkpoint and replication defects. However, only rad53 muRad53, but not Mec1, is required for degradation of excess histones that are not packaged into chromatin.
tants were sensitive to histone overexpression, arguing that excess histones did not merely kill cells that have As a consequence, rad53 mutants accumulate abnormally high amounts of soluble histones and are sensitive defects in replication or the DNA damage response. To provide further support for this argument, we tested to histone overexpression. Remarkably, the DNA damage sensitivity, slow growth, and chromosome loss phewhether mrc1 (Mrc1 is an activator of Rad53 upon replication stress, Osborn and Elledge, 2003) or DNA primase notypes of rad53 mutants can be significantly suppressed by disruption of one of the two loci encoding mutants (Francesconi et al., 1991) were also sensitive to histone overexpression. Neither the mrc1 ( Figure 1A ) histones H3/H4, arguing that these phenotypes are partly due to the presence of excess histones. We further nor the pri2-1 ( Figure 1B ) mutant exhibited any sensitivity to histone overexpression. Thus, excess histones demonstrate that Rad53 associates with histones in vivo and this interaction is modulated by its kinase activity.
were not generally toxic to cells with replication or checkpoint defects. Taken together, our data suggest the existence of a Rad53-dependent surveillance mechanism that balWe also investigated if rad53 mutants were sensitive to overexpression of other highly basic proteins. We ances the rates of DNA replication and histone synthesis during S phase and in response to DNA damage. Figure 1C ). Thus, rad53 mutant cells were not overexpression on the growth of wild-type and rad53 generally sensitive to expression of basic nuclear promutant strains. Strains carrying a plasmid encoding a teins. galactose inducible, hemagglutinin (HA)-tagged histone H3 gene or the empty vector were plated on glucose or galactose media in 10-fold serial dilutions ( Figure 1A) .
Degradation of Overexpressed Histones
Is Impaired in rad53 Mutants No difference was observed in the growth of wild-type cells on glucose or galactose. In contrast, the rad53⌬
To determine why rad53 mutants were sensitive to histone overexpression, we followed the fate of the overstrain (carrying the sml1-1 mutation to suppress the lethality due to rad53 deletion) was very sensitive to expressed histones in wild-type and rad53⌬ cells. A HIS10-HA epitope tag on the N terminus of overexhistone overexpression as indicated by its reduced ability to grow on galactose media. The rad53⌬ strain was pressed H3 reduced its mobility in SDS-polyacrylamide gels compared to the endogenous histone H3. Hence, sensitive to overexpression of tagged or untagged versions of the four core histones, either individually or in the two proteins were readily distinguished from each other in Western blots probed with an antibody against pairs (Supplemental Figure S1A available online at http://www.cell.com/cgi/content/full/115/5/537/DC1). A the C terminus of H3. These experiments were carried out in cells arrested in G1 with ␣-factor to ensure that strain with a point mutation that severely impairs the kinase activity of Rad53, rad53K227A SML1 ϩ (Sun et al., overexpressed histones would not be packaged into chromatin. In wild-type and mec1⌬ strains, tagged his-1996; Pellicioli et al., 1999), was as sensitive to histone overexpression as the rad53⌬ sml1-1 strain ( Figure 1A) . tone H3 was rapidly degraded upon glucose mediated repression of the GAL promoter (Figure 2A) . No tagged This result implied that the kinase activity of Rad53 was required to tolerate excess histones. The sensitivity of histone was detectable 60-80 min after the addition of glucose to wild-type or mec1⌬ cells. In contrast, overexrad53 mutants to histone overexpression resulted from the toxic effects of free histones because it was suppressed histones were not degraded efficiently in rad53 . These results demonstrated that Rad53 in G1 and cells were released from the G1 arrest for 1 hr in the presence of galactose. At this point, a fraction was specifically required for degradation of excess core histones that were not packaged into chromatin. of the cells were harvested and the rest were transferred to glucose medium for one extra hour. Cellular proteins were separated into soluble (S) and chromatin pellet rad53⌬ Cells Accumulate Excess Histones The ability of Rad53 to promote degradation of soluble fractions (P) as depicted in Figure 2B . The level of tagged histones in each fraction was estimated by Western histones that cannot be packaged into chromatin may be important to prevent accumulation of excess endogblotting with HA antibody. At the end of S phase in galactose, a significant fraction of HA-tagged histone enous histones at the end of S phase. We investigated this possibility by synchronizing wild-type and rad53⌬ H3 was found in the soluble fraction in both wild-type and rad53⌬ cells ( Figure 2B, lanes 2 and 8) . In wild-type cells in G1 with ␣-factor and releasing them for 50 min to allow completion of a single round of S phase. Cells cells, the tagged histones were rapidly degraded upon show that rad53 mutants exhibit abnormally high levels of histones associated with two distinct histone chapThese include the three subunits of the CAF-1 protein (Cac1, Cac2, and Cac3) and a group of four functionally erones. We also investigated whether genotoxic agents that related histone regulator proteins (Hir1, Hir2, Hir3, and Hpc2). We tagged the Cac1 and Hir2 proteins with three slow down replication result in an accumulation of histones bound to chaperones. Upon treatment of S phase tandem repeats of the FLAG epitope on their C termini in wild-type and rad53⌬ strains. FLAG-tagged protein cells with methyl methane sulphonate (MMS), an alkylating agent that slows down replication (Tercero and Difcomplexes were immunoprecipitated from whole-cell extracts (WCEs) prepared from equal numbers of asynfley, 2001), the amount of histones bound to Cac1-FLAG increased in both wild-type and rad53 mutant cells. or prevent the repair machinery from gaining access to DNA lesions. As such, histone overexpression would However, histone binding to Cac1-FLAG reached much higher levels in rad53 mutant cells ( Figure 3F ). Similar lead to an increase in DNA damage sensitivity. To investigate this possibility, we examined the DNA damage results were obtained upon replication arrest with hydroxyurea (HU), which blocks replication by depleting susceptibility of rad53 mutant strains upon histone overexpression. Cells carrying the galactose inducible hisdNTP pools, and with Hir2-FLAG (data not shown). Thus, Rad53 prevents the accumulation of newly synthesized tone H3 gene or the empty vector were plated on glucose and galactose plates with or without DNA damaging histones that occurs as a consequence of DNA damage or replication stress during S phase. agents ( Figure 4A ). kinase activity. We assayed Rad53 hyperphosphorylaafter galactose-induced histone overexpression and its kinase activity assayed with Rad53-TAP bound to IgGtion using a polyclonal antibody that detects the slower migrating forms of Rad53 that result from its phosphorySepharose beads. While the autophosphorylation activity of Rad53-TAP increased substantially when the kilation. This antibody clearly detected Rad53 hyperphosphorylation in wild-type cells treated with MMS (Figure nase was purified from MMS-treated cells, there was no apparent increase in activity when the kinase was 4D). However, no Rad53 phosphorylation was observed upon histone overexpression in wild-type, rad53K227A, isolated from cells overexpressing histones ( Figure 4C , upper panel). We also tested the ability of purified or mec1⌬ cells. This was true irrespective of whether histone expression was induced in asynchronous cells Rad53-TAP to phosphorylate an equimolar mixture of the four core histone proteins. Rad53-TAP clearly phos-( Figure 4D, lanes marked 2) , cells arrested in G1 with ␣-factor ( Figure 4D, lanes marked 3) , or cells released phorylated core histones with a slight preference for histone H3. This was not due to a contaminating kinase, from ␣-factor arrest into S phase ( Figure 4D , lanes marked 4). This is consistent with our result showing as Rad53K227A-TAP did not have this activity (A.V., unpublished data). MMS treatment, but not histone that the ability of Rad53 to protect cells against histone overexpression is Mec1-independent ( Figure 1A ). This overexpression, enhanced the histone kinase activity of Rad53-TAP ( Figure 4C, lower panel) . Therefore, although is in striking contrast to the DNA damage-induced hyperphosphorylation of Rad53, which is Mec1 dependent the kinase activity was required to survive histone overexpression ( Figure 1A) , the presence of excess histones (Sun et al. 1996, Pellicioli et al., 1999) . We also tagged the chromosomal copy of RAD53 to express Rad53 with did not increase the basal activity of the Rad53 kinase. These results also indicated that histone overexpression a C-terminal tandem affinity purification (TAP) tag. Rad53-TAP was affinity purified from cells before or did not cause DNA damage, which is known to enhance did not recover any rad53⌬ hht2-hhf2⌬ SML1 ϩ progeny upon sporulation of diploid cells (data not shown). In addition, because mec1 mutants are very sensitive to a variety of DNA damaging agents, the fact that mec1
Therefore, the essential function of Rad53 could not be bypassed by disruption of hht2-hhf2 in this context. cells are not sensitive to histone overexpression ( Figure  1A ) strongly supports our argument that excess histones Nevertheless, rad53⌬ hht2-hhf2⌬, but not mec1⌬ hht2-hhf2⌬ mutant cells expressing Sml1 from the GAL prodo not result in any detectable DNA damage. Hence, the acute sensitivity of rad53 mutant cells to histone moter showed moderate growth on galactose media (Supplemental Figure S6 ), suggesting that a reduction overexpression cannot be explained simply by excess histones directly causing DNA damage.
in histone gene dosage may partially bypass the essential role of Rad53.
A Reduction in Histone H3-H4 Gene Dosage Suppresses the Phenotypes of rad53 Mutant Cells Binding of Excess Histones to Rad53 Is Modulated by Its Kinase Activity
The results showing that histone overexpression was toxic to rad53 mutants ( Figure 1A ) and that rad53⌬ cells Our studies raise the important issue of how Rad53 senses excess histones and targets them for degradaaccumulated excess histones (Figures 2 and 3) Figure 6A ). The presence of histones in the Rad53 complex sugtants ( Figures 3A and 3B) . Interestingly, disruption of the hht2-hhf2 histone gene pair significantly suppressed gested that Rad53 might be binding histones via the histone chaperone Asf1. We tested this possibility by the abnormally high chromosome loss observed in rad53 mutants ( Figure 5C ). Rad53 also plays a role in immunoprecipitation of Rad53-TAP from an asf1⌬ strain. Histones were still associated with Rad53 in asf1⌬ cells, normal cell cycle progression that is independent of 
showing that Asf1 was not required for this interaction
The HA-tagged histone was immunoprecipitated from WCEs prepared from the labeled cells, resolved by SDS-( Figure 6B ). This result implied that Rad53 was binding histones either directly or through other histone chaper-PAGE, and subjected to autoradiography. We did not detect any phosphorylation of the tagged histone H3, ones. We did not detect any binding of Rad53 to histones in vitro using recombinant proteins (A.V., unpublished though it was clearly expressed in significant quantities in both wild-type and rad53 mutant cells as judged by data), suggesting that Rad53 may not be binding histones directly. We then turned our attention to other Western blotting ( Figure 6D ). This suggests that either Rad53 does not phosphorylate histones in vivo or that known histone chaperones through which Rad53 could potentially bind histones. However, Cac1, Hir1, and Hir2 histones phosphorylated by Rad53 are rapidly degraded and hence undetectable. were all dispensable for the interaction of Rad53 with histones ( Figure 6B ). We also immunoprecipitated Cac1-FLAG, Hir1-FLAG, and Hir2-FLAG and found substantial Discussion amounts of histones H3 and H4, but no Rad53 associated with them ( Figure 6C ). This result suggests that
In this study, we showed that the kinase activity of Rad53 was required to degrade excess histones. As a consethese histone chaperones are unlikely to contribute to histone binding by Rad53. Hence, the most likely possiquence, cells lacking Rad53 were extremely sensitive to histone overexpression and exhibited abnormally high bility is that Rad53 binds histones through some other unknown histone chaperone. amounts of histones bound to chaperones such as CAF-1 and Hir proteins. Remarkably, the slow growth, The in vitro phosphorylation of core histones by purified Rad53-TAP ( Figure 4C) imbalance between histone and DNA synthesis. We found that newly synthesized histones associated with cancer chemotherapeutic drugs that interfere with DNA replication also have the same consequence and excess Rad53 in a dynamic complex. Interestingly, this complex contained higher amounts of histones when the kinase histones are, at least in part, responsible for the cytotoxicity of these drugs. activity was impaired. These results document the existence of a Rad53 kinase-dependent surveillance mechaOur results highlight the importance of understanding the mechanisms that enable Rad53 to sense and renism that regulates histone levels during both normal cell cycle progression and in response to various forms spond to an imbalance between histone and DNA synthesis. A large fraction of Rad53 molecules exist in a of DNA damage (Figure 7) . We showed here that MMS damage, which slows down DNA replication, led to an complex with Asf1 that dissociates following DNA damage or replication arrest ( During early or mid S phase, the rates of histone and DNA synthesis are balanced such that histones are not present in excess of their requirement for chromatin assembly. However, the drastic reduction in rates of DNA synthesis that occurs during late S/G2 phase or upon DNA damage during S phase results in saturation of histone chaperones and the appearance of excess histones. Rad53 detects excess histones and targets them for degradation, thereby preventing nonspecific binding of these free histones to chromatin, which interferes with many processes that require access to genetic information.
respond to the accumulation of excess histones indequitin ligase independent (Pickart and Vella, 1988; Haas et al., 1990). The identification of proteins that act downpendently of Asf1. Consistent with this, we find that Rad53 and histones exist in a complex even in asf1 null stream of Rad53 will be necessary to elucidate the exact mechanism by which excess histones are degraded. mutant cells. One possibility is that Rad53 may interact with other histone chaperones. However, none of the Histones packaged into chromatin are metabolically stable for many cell divisions (Commerford et al., 1982 Rad53 kinase is sufficient to cope with excess histones. This is not surprising, given that the rad53K227A mutant, 
